Abstract-The use of buck-derived topologies for unity power factor ac-to-dc applications is limited by their inherent inability to draw current from the line in those intervals, during the line half period, in which the input voltage is lower than the output one.
I. INTRODUCTION
T HE FIELD of power factor correctors (PFCs), i.e., rectifiers that draw a current from the line proportional to the input voltage (unity power factor), is almost totally dominated by the boost and the flyback topologies. Boost rectifiers provide an inherent input current filtering but they lack of an overcurrent protection and they require an output voltage greater than the line voltage peak [1] . Moreover, isolated boost structures are complicated [2] . On the other hand, in low power applications requiring isolation, the flyback topology represents the best choice due to its simplicity [3] . However, the unavoidable transformer leakage inductance calls for heavy snubbering in order to control the switch overvoltage and the electromagnetic noise generated (EMI).
Rectifiers based on buck-derived topologies are not widely used mainly for their inability to draw current from the line in those interval, during the line half period, in which the rectified input voltage is lower than the output one, since they can operate only as step-down regulators [4] , [5] .
This problem can be overcome by using a suitable secondary-side resonant reset scheme, in conjunction with the forward topology, which ensures proper transformer reset, while providing the boost action necessary to draw current from the line in the whole line half period. The result is a rectifier with a power factor close to unity, which provides isolation, with a good transformer utilization (bipolar core excitation), with only one switch and with less transformer leakage inductance problems as compared to the flyback topology.
In Sections II and III the converter analysis is reported for both step-down and step-up modes considering a constant input voltage, while Section IV describes the application of the converter as a high quality rectifier. Finally, results of an experimental prototype are reported confirming the theoretical expectations.
II. CONVERTER ANALYSIS IN STEP-DOWN MODE
The proposed high-quality rectifier based on the forward topology is shown in Fig. 1 . As we can see, the secondary-side resonant reset scheme is simply made up by capacitor connected in parallel with the rectifier diode . The transformer reset occurs through the resonance between its magnetizing inductance and the resonant capacitor during the switch off-time, and the mechanism is conceptually equal to the standard resonant reset scheme which exploit the switch output capacitance (shown with a dotted line in Fig. 1 ) [6] . The only difference is that the transformer-stored energy can now be partially delivered to the load instead of being dissipated in the switch at turn on.
In order to keep the notation simple, a constant input voltage is considered and the extension to rectifier operation is considered in Section IV.
In general, the converter can operate in different modes characterized by different topological sequences in a switching period: all these possible sub topologies are shown in Fig. 2 are variables referred to the transformer secondary side.) side), in which the converter behaves very similar to a standard forward converter. Assuming a continuous conduction mode (CCM) of operation (i.e., the freewheeling diode remains on during the whole switch off-time), the converter can assume only two operating modes and , described by the waveforms shown in Fig. 3 . These operating modes are characterized by the following topological sequences in each switching period:
and are described hereafter. In the following analysis, a load current much higher then the magnetizing one reflected to the secondary side is assumed ( where is the transformer turns ratio). Moreover, the output current ripple is neglected, so that .
A. Mode
This operating mode occurs when the switch off-time is shorter than one half of the resonant period, so that the resonant capacitor is not completely discharged during the switch turn off interval. For a better understanding of the converter operation let us refer to Fig. 3 , which reports the converter main waveforms in a switching period.
Interval . At instant the switch is turned on causing the turn off of the freewheeling diode . During the first interval , diode remains off (see Fig. 2-) until capacitor is completely discharged by the filter inductor current (instant )
(1) where is the initial capacitor voltage value. During this interval, the energy stored in is delivered to the load. After instant , the topology changes as shown in Fig. 2 -, becoming the standard powering phase of the forward converter.
At the same time, the magnetizing current starts to increase linearly at the switch turn on until instant , i.e., ( is the initial value) (2)
Interval
. At instant the switch is turned off and diode starts to conduct. The magnetizing current transfers to the secondary winding and charges, in a resonant way, the reset capacitor (see Fig. 2-) . On the assumption of a load current much higher then the magnetizing one, current can reverse, with still on ( . During this subinterval, the resonant waveforms are given by (a new time origin is assumed in ) (3) where (4) is the peak magnetizing current and (5) are the resonant tank parameters. At the end of the off interval, under a steady state condition, we can write (6) From (4)- (6), the initial magnetizing current value results (7) where the parameter assumes values lower than one for operating mode , and is equal to one for operating mode . The magnetizing peak current is given by (8) while the average value is (9) Note that, is constant and equal to during mode 1 (the core excitation is symmetrical with zero average value) and increases as the converter enters mode , since becomes lower than one. In the latter case the magnetizing current acquires a positive average value, as can be inferred from (9) . It is this shift of the transformer flux, which gives, to this operating mode, a certain degree of boost effect. In fact, part of the magnetic energy stored in the transformer during the switch on-time is transferred to the resonant capacitor during the turn off interval, and then to the load during interval . This can be demonstrated by finding an approximate expression for the voltage conversion ratio during mode . This can be done by observing that the output voltage is always given by the average value of the voltage across the freewheeling diode, i.e. (10) In (10), the second term reflects the average value of voltage , given by (1), during interval , since the freewheeling diode voltage equals during the switch off interval. Now using (1)-(6) we obtain (11) where is an adimensional parameter usually found in converters operating in discontinuous mode. Let us show the boost effect with the following example:
V, V, A, , kHz, mH, nF. With the constraint of (it is an arbitrary design choice to limit the maximum flux in the transformer), the maximum boost effect, needed at minimum input voltage, is achieved when the condition is met. In fact the energy stored in capacitor and delivered to the load during interval is given by
This energy reaches the maximum value of when and . Based on these considerations, the resonant capacitor value was chosen in order to satisfy the following constraint: (13) where is the maximum duty-cycle needed to obtain the desired output voltage in correspondence to the minimum input voltage, taking into account the boost effect. Fig. 4 reports the actual voltage conversion ratio as the function of duty-cycle for three different values ( is the value of corresponding to the nominal load resistance): as we can see, the boost action starts above and increases as the load current decreases. However, this effect vanishes at higher magnetizing inductance values [see eq. (12)], thus reducing the energy transferred to the load.
B. Mode
If the resonant period is shorter than , then the converter waveforms modify as shown in Fig. 3 -, i.e., a complete half resonance occurs during the switch off time. Since voltage cannot reverse, at instant it goes to zero and remains zero, while the magnetizing current continues to flow through and (see Fig. 2-) . As a consequence, the initial voltage across is zero and . Clearly, this operating mode corresponds to a standard forward operation, in which only the reset mechanism is modified.
Before to end the analysis of the converter in step-down mode, it is interesting to show the effect of the selection of the resonant capacitor on the maximum switch voltage stress. To this purpose, we are going to compare two different choices: a) is selected in order to satisfy condition (13) so as to exploit the maximum boost effect of mode ; b)
is selected in order to operate at the boundary between modes and at the minimum input voltage, i.e., according to the following condition: (14) where . In this case the converter behaves as a standard forward one, without any boost effect, because it continues to operate in Mode also at higher input voltages (lower duty-cycles).
In case of solution b), assuming a continuous conduction mode, the converter operates always in Mode , the parameter is equal to one and the peak voltage across the resonant capacitor remains constant and equal to [using (5), (6) , (8), (14)] (15) On the other hand, with solution a), at minimum input voltage the maximum duty-cycle turns out to be 0.78, thanks to the boost action (see Fig. 4 ). Consequently, the resonant capacitor peak voltage reaches the maximum value at the minimum input voltage, since the magnetizing current reaches its maximum value [given by (8) for , , and ], and reduces at lower duty-cycle values (higher input voltages) because decreases. In both cases, the switch voltage stress is given by (16) Fig. 5 shows the comparison between the two design approaches: as we can see, exploiting the boost effect gives a considerable benefit in terms of maximum switch voltage stress, and it is the preferred choice also for rectifier operation, as it will be shown later. This advantage is counterbalanced by a maximum flux in the core which is twice the flux we had selecting based on criterion b), because, in the latter case, the magnetizing current is always symmetric with zero average value.
III. CONVERTER ANALYSIS IN STEP-UP MODE
When the input voltage is lower than the output voltage reflected to the primary side, the proposed converter is able to operate in different modes, depending on converter parameter values and duty-cycle. In the following, we will illustrate two of them that appear at low input voltage and load current, which correspond exactly to the situation encountered in a high power factor rectifier around the zero crossing of the line voltage. The converter main waveforms describing these two operating modes are reported in Fig. 6 H. In particular, the waveforms corresponding to mode and were recorded after 0.5 ms and 1 ms from the line voltage zero crossing, respectively (the line frequency was 50 Hz).
Mode . Starting from the turn on of the switch at instant , the magnetizing current increases linearly while the filter inductance resonates with capacitor accumulating the energy previously stored in the resonant capacitor. The corresponding sub topology is shown in Fig. 2-. At instant , the switch is turned off causing the turn on of the freewheeling diode (see Fig. 2-) : the magnetizing inductance resonates with while the filter inductor current decreases linearly until it becomes equal to (the magnetizing current value reflected to the secondary side). This occurs at instant , thus causing the turn off of : from now until the subsequent switching interval, resonates with the sum of (the magnetizing inductance reflected to the transformer secondary side) and (see Fig. 2-) .
Mode . This mode of operation differs from the previous one because during the switch on time the resonant capacitor discharges to zero (instant ), causing the turn on of diode (see Fig. 2-) . During the corresponding subinterval [ , ], the magnetizing current continues to increase linearly while the filter inductance discharges to the load (note the negative slope of current caused by an input voltage lower than the output one). When the switch turns off the topological sequence is the same of the previous mode . From the waveforms of Fig. 6 and , we can see that during the switch on-time the input current is positive, i.e., energy is transferred from the line to the load even when the input voltage is lower than the reflected output one. Actually, in mode the instantaneous voltage conversion ratio was 3.1, while during mode was 1.6. This, represents a stronger boost effect, as compared to that encountered in mode , and it allows to overcome the inherent inability of buck-type rectifiers of drawing current from the line in the intervals corresponding to an instantaneous input voltage lower than the reflected output one.
IV. ANALYSIS OF THE CONVERTER AS HIGH-QUALITY RECTIFIER
When the converter operates as a high-quality rectifier, the voltage conversion ratio and the apparent load seen by the con- verter changes during the line angle , i.e., assuming a unity power factor we can write [7] (17) (18) Thus, a high boost capability is required around the line voltage zero crossing, but with a load current which is very small as compared to the average value. Standard buck-type rectifiers, being able of a step-down action only, have a non zero input current only during a portion of the line half period [4] , [5] , i.e., for , where
is the dead angle. On the other hand, the proposed rectifier allows overcoming this limitation, as demonstrated in the previous section. In order to verify the theoretical forecasts, a converter simulation was performed using the same parameters employed to derive the waveforms for modes and , which are listed at the beginning of Section III. The filtered input current waveform results as shown in Fig. 7 . Charge control was employed to force the average input current to follow a suitable sinusoidal reference waveform, i.e., the switch current is integrated cycle by cycle and the result is compared to the sinusoidal reference in order to determine the switch turn off instant [3] . As we can see, the converter draws current from the grid in the whole line period, while the dead angle given by (19) is 30 . The small current distortion at the line voltage zero crossing is due to the stabilizing ramp added to the controlled signal needed to avoid the inherent instability of the charge control (similar to the peak current control instability).
For ranging from 0 to , the converter passes through the following operating modes (at instants 0.5ms and 2ms respectively):
. The simulated magnetizing current and switch voltage are shown in Fig. 8 in the first 90 of the line angle: it is important to note that the switch voltage stress occurs at the peak of the line voltage, and the magnetizing peak current changes very little during the line period. In other words, for a properly designed converter, the boost effect does not increase the device stresses. Thus, the transformer can be designed as in a standard forward converter, considering the volts second across the winding. The only thing we need is a proper magnetizing inductance value, which can be obtained with a suitable air gap.
V. EXPERIMENTAL RESULTS
A 200 W forward rectifier was built and tested in order to verify the theoretical expectation. The converter parameters are listed in Table I .
The transformer core was ferrite E 42-21-20 with a small air gap in the center lag. The adopted control technique was the modified non linear carrier control described in [8] - [10] , which does not require input voltage sensing and current error amplifier as well as any compensation ramp for stability purposes. Its principle scheme is shown in Fig. 9 : the switch current is sensed ( is the equivalent sensing resistance) and integrated together with the output of the voltage error amplifier; the integrator output is then compared with to determine the turn-off in- Fig. 9 . Simplified scheme of the adopted modified nonlinear carrier control [8] - [10] . stant. An internal clock sets the switching frequency, turning on the switch at constant intervals. For more details see [8] - [10] .
The filtered input current is shown in Fig. 10 at minimum RMS input voltage: as we can see, the converter was able to draw current in the whole line period as predicted [at the minimum input voltage the dead angle given by (19) is about 42 ]. The low frequency distortion is due to the adopted control scheme, which is best suited for flyback-type rectifiers. Nevertheless, due to the low output power, there is no problem in satisfying the limits imposed by the standard EN 61000-3-2 (Class A piece of equipment), as can be seen from the comparison between the input current harmonics and their limits reported in Table II (  V  ,  W) . Higher order harmonics are negligible, and were not reported in Table II. Finally, the switch drain-to-source voltage recorded at the line voltage peak is shown in Fig. 11 in two different conditions: a) at the minimum input voltage V ; b) at the maximum input voltage V . As we can see the resonant capacitor was selected according to criterion a) of Section II, so as to fully exploit the boost effect, and the switch voltage stress remains below 750 V in all operating conditions. Note that two small -snubbers were used, the first in parallel to the switch ( , nF) and the other in parallel to the transformer secondary winding ( , nF), in order to damp the parasitic oscillations caused by the transformer leakage inductance. From Fig. 11 , we can also see that at the line voltage peak the converter operating mode is at minimum input voltage and at maximum input voltage. The overall converter efficiency, including also the control losses, is reported in Fig. 12 higher input voltages, however, the efficiency is good, reaching its maximum around 220 V .
VI. CONCLUSION
This paper presents a high quality rectifier based on the forward topology. The particular transformer reset mechanism which exploits the resonance between the magnetizing inductance and a secondary-side capacitor, adds a boost effect to the converter, which allows to draw current from the line also in those intervals, during the line half period, in which the rectified input voltage is lower than the reflected output one. The result is an almost unity power factor isolated rectifier with no need of any auxiliary winding for the transformer reset and with a good transformer core utilization (bipolar excitation).
Experimental results of a 200 W prototype confirm the theoretical expectations.
